INTRODUCTION
In July and August of 1991 acoustic reverberation data were acquired above the western flank of the MidAtlantic Ridge (MAR). A single research vessel towed a vertical source and horizontal receiving array to obtain quasimonostatic measurements of ocean-bottom reverberation at low frequency. The three-week experiment covered a large area and employed a broad range of waveforms as well as impulsive charges. Data were recorded long enough to address a variety of direct-path and long-range reverberation issues. Since sea states were generally below Beaufort Force 1, interference from surface reverberation was negligible and data quality was high. Referred to as the Acoustic Reconnaissance Cruise (ARC) The ARC stands apart because it was carried out in the previously uninvestigated MAR where rugged bathymetry projects small-scale features into the deep sound channel. As a result, bottom limitation of deep-sound-channel propagation is extensive and highly variable for sources at depths used in typical sonar systems. Reverberation in such complex environments has not been thoroughly investigated in the past, and is interesting because of the numerous returns found over range and azimuth which generally serve as false targets in active sonar measurements. Only with the recent availability of high-resolution bathymetry, collected in support of SRP acoustic data, has it become possible to study the relationship between reverberation and small-scale geomorphology in the MAR. Such analysis is not only useful for sonar design in highly reverberant environments, but may also provide a practical method for remote survey of complex bathymetry. In this paper, we show that long-range backscatter is highly correlated with small-scale geomorphology and that this correlation can be largely explained by TL modeling with high-resolution bathymetry.
To describe our method of charting backscatter we find it convenient to introduce the following definitions. We define an "observation" as a single active insonification and subsequent towed-array measurement of reverberation where the array position and orientation can be considered constant. We define a "reverberation map" as the magnitude of acoustic returns from a single observation charted to the horizontal location of respective scattering sites. To generate reverberation maps from ARC data, we first estimate the range and azimuth of scattering sites by two-way travel time analysis and beamforming. Since beamformed line-array data have an inherent fight-left ambiguity about the array's axis it is especially challenging to identify true from virtual scattering sites in the MAR where ambiguous returns are broadly distributed in range and azimuth. The ARC tow-ship tracks were designed to provide a general survey of backscatter in the vicinity of the western MAR. They are not optimal for the existing methods of ambiguity removal which rely upon multiple adjacent observations at different array heading. 1ø'11 Therefore, we introduce a method based upon two-way TL modeling with the wide-angle PE, 12 and use this in our subsequent data analysis. This method has a strong physical foundation which takes advantage of naturally occurring asymmetries in the MAR environment by incorporating the highresolution bathymetry database. Unlike other ambiguity resolution methods, it does not require multiple data observations. Further, it can be applied objectively to the entire data set. This is in contrast to ambiguity resolution by comparison with bathymetry which is extremely subjective, and biased toward discrete or well-defined returns.
Once ambiguity is resolved, backscatter levels are unambiguously projected onto bathymetry for comparison.
We find that prominent returns occur at n +« CZ ranges and are well correlated with ridges which have extended scarps facing the observation, where n =0, 1 for the present survey. However, resolution is too poor to determine whether this correlation is solely due to a propagation effect which insonifies the backfacing scarps of prominent ridges, or whether it is also due to the orientation and geomorphology of scatterers within the ridges. Finally, we combine modeled TL with unambiguous backscatter level to estimate scattering strength over the wide-area surveyed. Our technique introduces two advances over more traditional scattering strength estimation: (a) TL is computed using a full-field propagation model rather than a raytrace; (b) the area term of the sonar equation is incorporated by a spatial convolution rather than a constant scale factor.
I. A HIGHLY BOTTOM-LIMITED ENVIRONMENT

A. Observation geometry
We analyze only a small fraction of the total ARC reverberation data set for the present study, focusing on data measured central to the bathymetry database. We classify observations by track, or run number (R), and emission sequence, or epoch number (E). The observations for the present study are then labeled R7E10 and R7E15 in Fig. 1 where track information is superposed on an image generated from the high-resolution bathymetry, sampled at 200-m intervals. For example, track 7 runs from north to south.
B. Long-range propagation corridors
Some general characteristics of the acoustic field incident upon the ocean bottom can be readily deduced from source, sound speed, and bathymetric information. The source/receiver deployment geometry is indicated in Fig.  2 , along with miscellaneous operational characteristics of the arrays. Due to negligible horizontal variation, 13 a single representative sound-speed profile, shown in Fig. 3 , can be used to describe the water column. While the density, sound speed, and attenuation of the bottom vary in both the horizontal and vertical, information about these parameters is limited. However, we do know that sediment of varying thickness and relatively homogeneous acoustic impedance covers a majority of the survey area. 14 Therefore, we assume the bottom is comprised of sediment with uniform density 1.5 g/cm 3, sound speed 1700 m/s, and attenuation 0.5 dB/•t for all range-dependent acoustic modeling done in this paper.
An example of deep sound channel propagation characteristic to the ARC is shown in Fig. 4 for a range-depth cross section of the ocean. An idealized fiat bottom at 5-kin depth is used to demonstrate the CZ structure of the source beam when undisturbed by bottom interaction, which is a rare situation for our survey. Propagation modeling is done with the wide-angle PE for the environmental parameters discussed above. The source array is accurately modeled by ten omnidirectional monopoles at depths corresponding to those of the actual projectors. The model source elements are horizontally steered and operate at 270 Hz. The ½om-binedTL is normalized so that a single source level may be applied to obtain sound-pressure level at any point in the field.
The source beam contains the highest amplitude sound waves by orders of magnitude. The beam has a complex structure due to interference caused by the source's proximity to the pressure release surface; the numerous sidelobes of the untapered source array; and the refractive properties of the water column which lead to deep-soundchannel propagation. It has a first deep vertex approxi-1 mately 33 km from the source, which defines the • CZ range, the region within which is referred to as the directpath area. Here beam vertex occurs between roughly 3900-and 4500-m depth. For practical considerations then, the beam will propagate undisturbed in the water column for bathymetry exceeding 4500 m, will be partially blocked or reflected for bathymetry between 4500 and 3900 m, and will be totally blocked or reflected for bathymetry shallower than 3900 m.
To consolidate this information, we employ the following terminology. "Conjugate depth" refers to the depth below the minimum sound speed where the sound speed returns to the value at the source center. Conjugate depth occurs at roughly 3900 m for the ARC. (By Snell's law, horizontal rays emanating from the source will vertex at conjugate depth.) The term "excess depth" refers to the difference between bathymetric depth and conjugate depth. And, "positive excess depth" occurs for bathymetric depths exceeding the conjugate depth.
To give an overview of the anticipated blockages in 
III. TRANSMISSION LOSS MAPS
For comparison with reverberation, we are interested in the two-way TL, which is proportional to reverberation level R in the sonar equation To obtain a quantitative estimate of the scales over which bathymetry varies, we have computed the wavenumber spectrum, shown in Fig. 19 . The dominant spectral component is in the low wave-number regime corresponding to length scales greater than about 5 km. Variations within the array's range resolution ( 1.5 km) are less significant on average. However, from the DD map in Fig. 17 , steep slopes do exist within these smaller scales. While they are less frequently encountered, steep slopes associated with lineated ridges are more likely to terminate shallow-angle propagation, typical at long ranges, than level areas which tend to occur in valleys below the conjugate depth contour. High wave number spikes of roughly The relationship between prominent backscatter and the ridge structure is further elucidated in Fig. 22 by overlay on a DD map. Here prominent returns can be more easily associated with specific ridges. For example, this is the case within the direct path, as well as at long-range sites a and/•. However, it is also evident that the resolution window is frequently wider than scarps within the ridges. That is, returns are typically mapped to areas larger than the width of associated scarps. n +• CZ ranges when propagation is not blocked at shorter range for the given azimuth, where n--0, 1 for the present study. At these ranges, backscatter maxima typically follow extended ridges along the local conjugate depth contour. This is partially explained by propagation modeling which shows that forward propagation paths tend to insonify the backfacing scarps along ridges which protrude above the conjugate depth contour. This leads to the corresponding TL minima which apparently play a fundamental role in driving the level of backscatter. Whether the prominence of these returns is also related to scattering properties of the associated ridges and their orientation is still uncertain. This uncertainty arises because the resolution of the measurements presented in this study is often too poor to adequately resolve the scarps, let alone more elementary contributors to the scattering process which may reside within the scarps.
Although we do not yet fully understand the scattering process, we have learned a great deal about reverberation. Our analysis has provided a simple method of forecasting the range and azimuth of prominent backscatter in the MAR. Either by a crude tracing of CZ circles on an excess depth map, or a more accurate modeling of transmission loss with a full-wave propagation model such as the wideangle PE. Both of the above methods were used in designing the main acoustics experiment of the SRP. The preliminary results of this more recent experiment show that both methods are extremely dependable in forecasting prominent backscatter in the MAR. 2ø'•3
We have also estimated scattering strength over a wide area and have obtained a lower bound of --47 +4 dB for the survey. Our estimates provide a lower bound because well-defined morphological features, which apparently play a major role in the backscatter process, are underresolved by the cw measurements used in this study. More recent scattering strength estimates made with much higher resolution FM data have yielded significantly higher values for the same region. 22 Nevertheless, the estimates presented here show a low variance and generally uniform spatial distribution. This is consistent with the high cross correlation measured between long-range backscatter and TL in this study. Evidently, distinct scattering contributors are so well mixed in the large areas integrated by longrange returns that the most significant variations in backscatter are generally due to propagation. This further supports the idea of backscatter forecasting by propagation modeling. It also suggests that the possibility of remote bathymetric survey by backscatter measurement 5'6'24 is practical. However, a more negative implication is that any of a number of scattering models will be able to match long-range MAR backscatter data, regardless of whether they are correct, so long as a sufficient propagation model is used.
Investigations into the fundamental scattering process are better suited to the site-spe•cific Main Acoustics Cruise of July 1993. This bistatic experiment was designed specifically around three sites detailed in the hydrosweep bathymetry. High-resolution monostatic and bistatic reverberation measurements were made at various ranges and orientations from known scarps. Short-range measurements should enable resolution of distinct small-scale contributors to the scattering process. While, long-range measurements will show how these accrue in distant reverberation. Vertical arrays were also deployed before select backfacing scarps to explore the vertical structure of the scattered field near the scatterers. These data are to be compared with hydrosweep as well as finer scale bathymetry and geological data recently collected to further elucidate the scattering process. In addition, tow-ship tracks in the Main Acoustics Experiment were designed with ambiguity removal as an essential theme. Star patterns rather than polygons were used extensively to provide redundant measurements at differing array headings at a point of convergence. This was necessary because the present study has shown that small differences in measurement position, as small as CZ/4, can lead to drastic differences in backscatter due to bathymetry related variations in TL. Preliminary results from the '93 cruise indicate that the environmental symmetry breaking technique for ambiguity removal presented here is consistent with ambiguity removal by comparison of data from multiple adjacent array headings. 2ø A detailed report on these results is in preparation. 23
